
A primary goal in my lab is the characterization of tryptophan (Trp)-independent biosynthesis of 
the auxin indole-3-acetic acid (IAA). Our work and that of others indicates that indole is a 
precursor to IAA in a Trp-independent pathway and the objectives of this grant have been the 
isolation of indole-metabolizing genes from Arabidopsis. To this end we have: 

a) c o n d u c t e d  a thin layer chromatography (TLC)-based s c r e e n  for  indole- 
metabolizing g e n e s  using yeast  transformed with an Arabidopsis cDNA library, and 
b) used  these s a m e  pools of yeast  transformants to initiate a n  in vivo screen  for 
indole-metabolizing g e n e s  by select ing for  survival o n  toxic concentrat ions of 
halogen-substituted indole. 

In the past year we have also been successful in expanding our efforts into the characterization 
of Trp-dependent IAA biosynthesis. These include: 

c) stable isotope labeling s tudies  to determine when during development the Trp- 
dependent  and  Trp-independent IAA biosynthetic pathways a r e  utilized, 
d) developing a method to quantify indole pyruvic acid (IPA) in Arabidopsis in order 
to examine its role in IAA biosynthesis, 
e) characterizing the  role of nitrilases in IAA biosynthesis using Arabidopsis lines 
that either overexpress  o n e  of four nitrilase genes  o r  a r e  mutant in the  NIT1 gene, 
and 
f )  development  of a leaf a s s a y  for IAA biosynthesis that  we  will u s e  to identify 
intermediates in IAA biosynthesis. 

Publications (enclosed) resulting from DOE support: 

1. J. Normanly "Auxin Metabolism" Physiologia Plantarum, 100:431-442 (1 997) 

2. J. Normanly, P. Grisafi, G. R. Fink and B. Bartel "Arabidopsis thaliana mutants resistant to the 
auxin effects of indole-3-acetonitrile are defective in the nitrilase encoded by the NIT1 gene" 
(1997) submitted to The Plant Cell 

3. Y.-Y. Tam and J. Normanly "A method for determination of indole-3-pyruvic acid levels in 
Arabidopsis thaliana" (1 997) submitted to Journal of Chromatography 

Resul ts  from DOE support:  

TLC s c r e e n  of pooled yeas t  t ransformants  expressing Arabidopsis cDNAs: In both 
maize and Arabidopsis, '4C-indole is converted to IAA in a Tr independent manner (J. Normanly 
unpublished and J. D. Cohen, personal communication7.- We set out to isolate indole- 
metabolizing genes from Arabidopsis in the hope of obtaining the gene encoding the first step in a 
Trp-independent IAA biosynthetic pathway. We collected approximately 100,000 independent 
yeast transformants carrying Arabidopsis cDNAs (under the control of a constitutive promoter) 
into pools ranging in size from several hundred to one thousand transformants. The screen for 
indole-metabolism involved a vigorous glass bead-mediated lysis (from mid log-phase cultures), 
incubating with "C-indole and the antioxidant ascorbic acid, extracting the indolic compounds, 
resolving them by TLC and subjecting the TLC plates to autoradiography. Each pool was 
assayed in two different buffers, one containing a mix of co-factors in their reduced form, the other 
containing a mix of co-factors in oxidized form. While we did see some low level metabolism of 
indole in untransformed controls (none of which migrated with authentic IAA), most of the indole 
was unchanged (i.e. was not degraded). So far none of the approximately 40,000 transformants 
that we have screened differed from the untransformed control. 

The attractive feature of this approach was that if we had identified a transformant with 
indole-metabolizing activity, the corresponding gene would have been in hand. Indeed, this 
approach has worked (screening not more than 10,000 transformants) for the isolation of other 
metabolic genes [l]. However, metabolism of indole may require more than one gene product, or 
the desired gene product may not be represented in our library (either due to the timing of its 

32 



This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, process, or service by trade name, trademark, manufac- 
turer, or otherwise does not necessarily constitute or imply its endorsement, ream- 
mend;rtion, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or a n y  agency thereof. 

... 



DISCLAIMER 

. Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



. .  

B f Progress Rt .-J. Normanly, Univ. Massachusetts 

expression not correlating with the age of tissue used to construct the library, or its expression 
could be toxic to yeast). We have added a mix of co-factors, yet there may not have been 
enough of the necessary side chain donor present in the extract. If the enzymes involved in this 
pathway are chloroplastic, they may not have been properly localized in yeast. 
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i We did have a positive control--the iaaH gene from bacteria in the same vector as the cDNA 
library--and we did observe activity. Particularly troubling to us; however, is that we never 
observed metabolism of indole to Trp (via Trp synthase B) even though we had added the 
required co-factor. If we had been able to isolate the gene encoding the Trp synthase B subunit 
we would have been encouraged to continue. We may not have screened enough candidates, 
but the assay is fairly labor intensive compared to other approaches that we have in mind, so we 
will not pursue the yeast-based TLC screen until we have more information about the 
intermediates we should be looking for and what the optimal conditions are. 

In vivo screen for indole-metabolizing genes: Survival of yeast transformants 
expressing Arabidopsis cDNAs in the presence of toxic indole analogs We have 
developed a much simpler assay of the yeast transformants that is based upon the sensitivity of 
wild type yeast to some substituted indole compounds. We presume that the toxicity is due to 
conversion of the compound into substituted Trp which would have deleterious effects when 
incorporated into proteins. Substituted compounds (e.g. 5-methyl-anthranilate) have been very 
useful in the isolation of mutants in the Trp biosynthetic pathway [2-4]. We plated aliquots of the 
pooled yeast transformants on medium containing toxic levels of these indole compounds (with 
trace amounts of Trp) and selected those colonies that survived. Resistance to the toxic indole 
compounds could arise if the Arabidopsis cDNA expressed a gene product that a) specifically 
metabolized indole, thereby diverting it from the Trp pathway (potentially IAA biosynthetic 
enzymes), b) metabolized xenobiotics, c) increased flux through the Trp biosynthetic pathway 
thereby "diluting out" the halogen-substituted Trp, or d) diverted chorismate away from the Trp 
biosynthetic pathway. Clones that fall into categories a, c, or d would likely result in Trp 
auxotrophy, hence the addition of trace amounts of Trp to the medium. Of the 38,000 
transformants screened so far, 13 independent transformants survived on 5-CI-indole and two of 
those 13 were able to grow when retested on 5-CI-indole-containing medium. We will continue 
with these two candidate clones (specific aim 4 of the renewal) and continue screening the 
transformants with other substituted indoles. 

Stable isotope labeling studies to characterize the utilization of Trp-dependent vs. Trp- 
independent IAA biosynthetic pathways during development: Deuterium oxide (2H20) 
was used to determine the percent of the free IAA pool that is synthesized de novo throughout 
seedling development. 2H20 moves freely throughout the cell and deuterium exchanges readily 
with hydrogens that are not incorporated into an indole ring, so newly synthesized IAA will 
incorporate label regardless of precursor. Determining the percent incorporation of deuterium into 
free IAA gives a measure of de novo IAA synthesis. The contribution of Trp-dependent IAA 
biosynthesis to de novo IAA synthesis can be determined by parallel experiments in which 
seedlings are labeled with 2H5-Trp. 

Wild type Arabidopsis seeds were germinated in liquid medium and grown under constant 
illumination with aeration (from shaking) for up to 13 days. At various time points prior to 
harvesting, the medium was replaced with fresh liquid medium that was 30% 2H20. Incubation in 
the 2H20-containing medium was carried out from 24 hours to 3 days. 2H20-grown seedlings 
were morphologically similar to control seedlings, although 30% 2H20 inhibited the growth rate 
slightly. Trp and free IAA were isolated and the level of deuterium incorporation determined by 
GC-SIM-MS. Since the percent 2H20 in the medium was 30%, the maximum theoretical 
incorporation of deuterium into IAA is 83.2% (as determined by Bialek (51). For 8, 10, and 13 day 
old seedlings, we observed 34 to 35% deuterium incorporation into IAA. 
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Figure 1. Percent incorporation (expressed as percent of maximal theoretical incorporation) of 
deuterium from 2H20 (left most graph) and 2H5-Trp (right graph) into Trp and IAA. Age of seedling 
at time of harvest is given on top line of x-axis. Duration of labeling enclosed by parentheses. 

Deuterium enrichment of the Trp pool was slightly less than for the IAA pool in the 2H20 
labeling experiments. There are two interpretations for this observation. Either Trp is not the 
precursor to IAA or, Trp is the precursor to IAA but the de novo synthesized (2H20-labeled) Trp 
pool is physically separate from the unlabeled and perhaps metabolically inactive pool of Trp. 
We believe the latter possibility is the more likely of the two. The existence of physically distinct 
Trp pools is supported by our observations that Arabidopsis Trp auxotrophs have wild type 
levels of free Trp (or in the case of the trp7-1 mutant, higher levels of free Trp) yet require 
exogenous Trp for viability. Furthermore, treatment of tobacco protoplasts with DMSO releases 
newly synthesized Trp but not the unlabeled pool, indicating that newly synthesized Trp is 
physically separate from another Trp pool [6] .  

In parallel experiments, wild type Arabidopsis seeds were germinated and grown as above, 
and at various times 2H5-Trp was added to the medium. Trp and free IAA were isolated and the 
percent deuterium incorporation was determined by GC-SIM-MS. Incorporation of label from 2H5- 
Trp into IAA was higher in 7 and 9 day old seedlings (12% and 11%, respectively) than in 12 
day old seedlings (6%). If all of the deuterium labeled IAA in both experiments is derived from de 
novo synthesis, then it would appear that Trp-dependent IAA biosynthetic pathways represent 
approximately 35% of the de novo IAA synthesis at da s 7 through 9 (12% divided by 35%), 

We will examine earlier time points (3 and 5 days old). The next phase of this research will be to 
determine the rates of IAA biosynthesis and turnover for Trp-dependent IAA biosynthesis vs. 
total de novo IAA biosynthesis at different developmental stages (specific aim 1). This will allow 
us to assess the relative importance of these two pathways. 

Development of a method for quantification of' IPA in Arabidopsis: The IPA pathway 
(pathway number 6, Figure 1 of renewal) is thought to be the most ubiquitous of the Trp- 
dependent IAA biosynthetic pathways proposed to date. In this pathway, Trp is converted to 
IPA by an aminotransferase, IPA is decarboxylated to form indoleacealdehyde (IAAld), which is 
converted to IAA by a dehydrogenase. While IPA is an intermediate in microbial IAA biosynthesis 
(mutants in the pathway have been identified and genes encoding enzyme in the pathway have 
been cloned [7]) less quantitative data exists for plants, primarily because IPA is so unstable in 
solution. Stable isotope labeling studies have confirmed the capacity of IPA to act as an 
intermediate in IAA biosynthesis, but enzyme activities involved in this pathway have only been 
partially characterized [8], and while IPA has been identified in several plant species, mass 

while the contribution of Trp-dependent pathway@) is Y ower (approximately 17%) at day 12. 
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spectral verification has been conducted for tomato and pea only [9,10]. We wish to determine 
whether IPA acts in IAA biosynthesis in Arabidopsis by examining the kinetics of stable isotope / incorporation from Trp into IPA and IAA (specific aim 2). First we had to verify that IPA is a native 
compound in this plant. This entailed developing a method to derivatize IPA in order measure it 
by isotope dilution analysis and GC-MS. The enclosed preprint describes this method (page 
60). We have measured IPA in Arabidopsis seedlings (5 to 12 days) and find that it is present at 
levels comparable to those of free IAA, and peaks in 9 day old seedlings. We will also develop a 
method for quantification of indole-3-acetaldehyde (the final precursor to IAA in this putative 
pathway) in Arabidopsis. 

The role of nitrilases in IAA biosynthesis: The enclosed preprint (page 49) describes my 
collaboration with Bonnie Bartel (Rice University) and Gerald Fink (Whitehead Institute) in which 
we determined that 2 of 4 Arabidopsis nitrilases have the capacity 
to convert indole-3-acetonitrile (IAN) to IAA in vivo. Labeling studies with W1-IAN showed that 
when one of these 4 nitrilases (NIT2) was overexpressed in Arabidopsis, exoaenous, W1-IAN 
was hydrolyzed to IAA while endoaenous, unlabeled IAN was apparently not a substrate for the 
overexpressed nitrilase (13C1-IAA but not unlabeled IAA was formed in excess). One 
interpretation of these experiments is that IAN is compartmentalized and either not normally 
involved in IAA biosynthesis or only accessible to nitrilases in a regulated manner. We also 
examined IAN metabolism in the nitl-3 mutant, which was isolated based upon resistance to high 
levels of IAN. The half life of IAN in this mutant was normal as were levels of IAA. Labeling 
studies indicated that in the mutant, endogenous IAA levels fluctuated dramatically and transiently 
in resDonse to exoaenous IAN. Altered IAA metabolism could account 
for the resistance To IAN (any IAA that is derived from metabolism of 
exogenous IAN could be metabolized more rapid1 than wild type). 

biosynthesis and subcellular localization of IAN will help to clarify the 
extent to which IAN is involved in IAA biosynthesis. We have 
already developed sensitive methods for quantification of IAN [ll]. 

Leaf assay for IAA biosynthesis: The goal here is two-fold: 1) to 
develop an assay for IAA biosynthesis in Arabidopsis as a means of 
identifying intermediates and 2) to use this assay in a screen for 
mutants defective in either a Trp-dependent or Trp-independent IAA 
biosynthetic pathway. 

Our conclusion is that the NIT 1 and 2 could pay Y a role in IAA 

Our stable isotope labeling studies indicate that 12 to 13 day old 
seedlings primarily utilize a Trp-independent IAA biosynthetic 
pathway, while in seedlings of age 7 to 9 days both pathways are 
utilized. We have been developing an assay that will allow us to 
distinguish between Trp-dependent and Trp-independent IAA 
biosynthesis. A single leaf (plus petiole) from 12-15 day old 
Arabidopsis (grown in 24-well plates in sterile liquid medium) is 
incubated in 10 mM potassium phosphate (pH 5.6) plus either 14C- 
Trp or 14C-indole for 24 hours at room temperature and then the tissue 
is extracted with methanol in the presence of antioxidant and 
unlabeled Trp and IAA (as carrier). The extract is resolved on TLC 
and exposed to film. Figure 2 shows an autoradiograph from such an 
experiment. Lane A is a methanolic extract of leaf tissue incubated 
with 1%-indole. There are 4 major radioactive products, two of which 
migrate with authentic IAA and Trp, respectively (as determined by 
detection of the carrier IAA and Trp with indole-specific Ehmann's 
reagent). The other two radioactive spots (indicated by 'I?") are 
unknown and could be either metabolites of IAA or indole. Trp 
appears to be the first product formed (as determined by shorter 
incubation periods, data not shown). In lane B, leaf tissue was 
incubated with %-indole and 30 uM cold Trp (no carrier was added 
upon extraction). An equal number of cpm were spotted in both lane 
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A and B. Since the intensity of the radioactive product co-migrating with authentic IAA is not 
diminished in lane B, we conclude that we are observing primarily Trp-independent IAA 
biosynthesis. We will try higher amounts of cold Trp and will identify the unknown products 
(specific aim 3 in the proposed study). 
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